Rationale: Policy recommendations on contact investigation of HIV-seropositive patients with tuberculosis have changed several times. Current epidemiologic evidence informing these recommendations is considered low quality, and few large studies investigating the infectiousness of HIV-seropositive and -seronegative index cases have been performed in sub-Saharan Africa.
Transmission of Mycobacterium tuberculosis (tuberculosis [TB]
) is driving the current global TB epidemic, especially in areas with a high burden of HIV, such as sub-Saharan Africa (1) (2) (3) (4) . Patients living with HIV have an increased risk of progressive primary disease and reactivation of TB (5, 6) . Because of this risk, approximately 80% of new HIV coinfected TB cases occurring globally every year are in sub-Saharan Africa (7, 8) . Moreover, in 2013, a total of 41% of patients with TB in Africa tested positive for HIV (8) .
Despite the clear evidence that HIV increases the risk of TB disease and sustains a high prevalence of disease, it is less certain whether patients with TB with HIV are as efficient in transmitting new infection to contacts in their social networks. Because of this uncertainty, the role of active case finding among contacts of coinfected index cases has been contentious and policy recommendations have been inconsistent (9) (10) (11) . In high-burden, low-income settings, current World Health Organization policy recommends that contact investigation be conducted when the index case is a person living with HIV. This recommendation is based on "very low-quality evidence" and further study is required to inform policy guidelines (10) .
Several studies have compared latent TB infection in contacts of HIV-seropositive and -seronegative TB cases and reported heterogeneous results (11) (12) (13) (14) (15) . Informative studies in the Dominican Republic (9) and Brazil (11) found reduced latent TB infection in household contacts of HIVseropositive cases. In response to these findings, Espinal and colleagues (9) recommended that contact investigations in less developed countries should not be implemented in close contacts of coinfected patients. These studies, however, were unable to determine whether all or only a subset of HIV-seropositive TB cases were less infectious (16, 17) . Moreover, these studies took place in settings with a low HIV burden compared with sub-Saharan Africa, where HIV prevalence is higher than 5% in most countries.
Through a large household contact study in urban Uganda, we evaluated latent TB infection rates in contacts of HIVseropositive and -seronegative index cases and estimated rates of latent TB infection stratified by characteristics of index cases, household contacts, and the household environment. We also studied coprevalent and incident disease in these close contacts. Some of the results of this study have been previously reported in the form of an abstract (18) .
Methods

Study Population and Setting
This was a prospective cohort study of household contacts of TB index cases. The study design has been described previously (5, 19, 20) . Briefly, we identified newly diagnosed patients with TB greater than or equal to 18 years old from the National TB and Leprosy Program at Old Mulago Hospital in Kampala, Uganda from 1995 through 2006. Index cases were defined as the first eligible case of pulmonary TB in a household with one or more contacts. All index cases were microbiologically confirmed through a positive culture test.
Households with index cases were visited by trained field workers within 2 weeks of TB diagnosis. During this baseline visit, index cases were evaluated through a physical examination and medical history. Information was collected on age, sex, room where they sleep, cigarette smoking status, HIV serostatus, chest radiograph, and duration of cough. Extent of disease through radiographic imaging results was graded independently by an experienced clinician using the National TB Association classification system with subgroupings for cavitary and noncavitary disease (21) . Sputum samples were also collected for laboratory testing of mycobacterial culture and microscopic assessment.
Household contacts of index cases were defined as any individual spending at least 7 consecutive days in the same household as the index case in the 3 months preceding diagnosis. Contacts were invited to participate; gave their written informed consent; and completed a baseline sociodemographic questionnaire and physical examination collecting data on age, sex, height, weight, cigarette smoking status, alcohol usage (yes or no), relationship to the index case (spouse, parent, child, sibling, or other), education level, past active TB, HIV status, and household characteristics (crowding, housing structure, ventilation, or smoke exposure). Nutritional status was assessed for each contact through body mass index (BMI) for adults greater than or equal to 18 years of age and through weight-forage z scores for child contacts. Individuals were classified as underweight if their z score was less than 22 or a BMI less than 18.5, normal weight if z scores were between 22 and 2 or their BMI was greater than or equal to 18.5 and less than 25, and overweight if z scores were greater than 2 or BMI was greater than or equal to 25 (22) . Bacillus Calmette-Guérin (BCG) vaccination was assessed through inspecting BCG scars and confirmed with medical records when possible.
Index cases and household contacts older than the age of 5 years were offered HIV testing with an enzyme-linked immunosorbent assay (Cambridge BiosScience, Worcester, MA). Parents gave informed consent for child contacts. Children younger than the age of 5 years were offered HIV testing if the mother was living with HIV. If the mother was negative then the child was also presumed to be negative. People living with HIV and children younger than 6 years without active TB were offered a 6-month course of isoniazid preventive therapy.
There were two outcomes at the baseline visit: latent TB infection or TB disease in the contacts. Latent TB infection was defined as positive if the skin induration reaction was greater than or equal to 10 mm in diameter (19, 23 What This Study Adds to the Field: In this large household contact study from urban Uganda, we found that HIV-seropositive tuberculosis cases were less infectious than HIVseronegative patients only when they were smear-negative or did not have cavitary lung disease. These results may explain variability found in prior studies and may have implications for contact investigation in high-burden settings.
infection, a tuberculin skin test was performed by placing 0.1 ml of 5 tuberculin units of purified protein derivative (Tubersol, Connaught Laboratories, Limited, Toronto, Canada) on the volar surface of the left forearm of each participant using the Mantoux method. Two field workers independently read the diameter of induration within 48 to 72 hours using digital calipers to reduce digit preference. In a sensitivity analysis, the criteria for latent infection was varied depending on HIV status of the contact (see Table E1 in the online supplement).
Household contacts were also evaluated for coprevalent and incident disease. Coprevalent disease was defined as the identification of TB disease at the baseline visit or within 3 months of the initial evaluation. After the baseline evaluation, household contacts free of active TB were followed for up to 2 years and evaluated for incident disease. Incident disease was defined as a new case of TB disease occurring in a household contact after the first 3 months of observation.
Statistical Analytical Plan
The prevalence of latent TB infection and TB disease among household contacts were estimated using standard contingency tables and stratified by index case, household contact, and household environmental risk factors. We evaluated correlations among variables using polychoric correlation coefficients, which measure correlation between ordered levels where the latent trait can be considered continuous and normally distributed.
To reduce the pool of candidate risk factors for latent TB infection, we performed univariate item analysis on 1,800 contacts (93.1%) with complete data on all variables. We then built a multivariable regression model that included main effects and interaction terms. We added variables one at a time that were related to latent TB infection (P , 0.20). Based on a stratified analysis, we included two interaction terms that tested interaction between HIV status of the index case and sputum smear findings and cavitary disease. We used modified Poisson regression with robust standard error variance to conduct all model building. This regression model takes into account the clustering of household contacts (24) and allows for direct estimation of relative risk (RR) in observational studies (25, 26) . Two-sided P values and 95% confidence intervals (CIs) were used to assess statistical significance in all models. A similar analysis was performed for coprevalent and incident TB disease.
We performed sensitivity analyses including repeating analysis with children less than 15 years old, defining latent TB infection as greater than or equal to 5-mm induration for all household contacts, and defining latent TB infection as greater than or equal to 5-mm induration for HIVseropositive household contacts only (see online supplement).
Ethical Considerations
Institutional review boards at the Uganda National Council for Science and Technology, the Uganda National AIDS Research Subcommittee, Case Western University, and Makerere University approved this study. Informed consent was obtained for all index cases and household contacts. Parents or guardians of child contacts provided written consent in addition to verbal assent from the children.
Results
Demographic Characteristics
The study enrolled 503 index cases and their 1,941 household contacts. Eight contacts were excluded; two refused a tuberculin skin test and six did not have an index case with a known HIV test result. After exclusions, 915 (47.3%) household contacts of HIVseropositive index cases and 1,018 (52.7%) household contacts of HIV-seronegative index cases were included.
These groups of contacts were similar with regard to most baseline sociodemographic and household characteristics ( Table 1 ). There was a higher proportion of household contacts with HIV in the households of HIV-seropositive index cases when compared with household contacts of seronegative index cases (16.8% vs. 4.6%; P , 0.0001). HIV-seropositive index cases were younger (median, 27 vs. 32; P , 0.0001) and presented with a lower frequency of cavitary disease (45.6% vs. 63.9%; P , 0.0001) when compared with HIV-seronegative cases (see Table E3 ). Other characteristics of index cases were similar. Contacts of HIV-seropositive and -seronegative index cases were similar in regards to age, sex, alcohol and smoking use, BCG vaccination, closeness to the index case, and history of active TB. Differences were seen between household contacts of HIV-seropositive and -seronegative index cases in their relation to the index case (P , 0.01), household type (P , 0.01), and charcoal or fire smoke exposure (P , 0.01). Housing characteristics, such as number of household members and number of windows, were similar between contacts.
Risk of Latent TB Infection among Contacts
Overall, 1,294 (69.9%) household contacts had latent TB infection at the time of household evaluation. The proportion with latent TB infection was lower among contacts of HIV-seropositive TB cases compared with seronegative index cases (65.7% vs. 73.6%; RR, 0.89; 95% CI, 0.82-0.97) ( Table 1) .
In univariate analysis, the risk of latent TB infection was associated both with characteristics of household contacts and index cases. Older age, BCG vaccination, alcohol usage, and a closer relationship to the index case (spouse vs. children or siblings; shared a bed vs. living in a different room), were associated with latent TB infection among contacts ( Table 2 ). In index cases, cavitary lesions, extent of lung disease, and HIV-seronegative status were each associated with increased proportion of latent TB infection in household contacts. Lastly, a contact in a household with one to five members was more likely to have latent TB infection than those in households with 6-10 or more than 10 members ( Table 2) .
In a stratified analysis, interaction was present between HIV serostatus of the index case and the sputum smear result (P = 0.02 for interaction) and cavitary lesions (P , 0.01 for interaction); it modified the effect of HIV status in the index case on latent TB infection in contacts ( Table 3 , Figure 1 ). In an adjusted model, controlling for contact characteristics (age, education level, and alcohol use) and family size, the risk of latent TB infection was similar in contacts of HIV-seropositive cases and -seronegative cases when the index case had a positive sputum smear (RR, 0.93; 95% CI, 0.85-1.01). In contrast, the proportion of contacts with latent TB infection was lower in contacts of HIV-seropositive cases than -seronegative cases when the index case had a negative sputum smear (RR, 0.76; 95% CI, 0.64-0.90). When considering cavitary Nutritional status was assessed for each contact through BMI measurements for adults greater than or equal to 18 years of age and through weight-for-age z scores for child contacts. Individuals were classified as underweight if their z score was less than 22 or a BMI less than 18.5, normal weight if z scores were between 22 and 2 or their BMI was greater than or equal to 18.5 and less than 25, and overweight if z scores were greater than 2 or BMI was greater than or equal to 25.
x Evaluated through BCG scar, verified by medical records when available. jj Includes other relatives, such as grandparents, grandchildren, aunts, uncles, and cousins. Also includes nonrelatives living in the household. ¶ The denominator for "Latent tuberculosis infection" was household contacts without coprevalent disease (n = 1,852). The denominator for the "Coprevalent tuberculosis disease" row was all household contacts (n = 1,933). The "All infection" row included contacts with either latent tuberculosis infection or coprevalent disease; the denominator for this row includes all household contacts (n = 1,933). Latent tuberculosis infection was defined as a tuberculin skin test induration reaction greater than or equal to 10 mm. Coprevalent tuberculosis disease was defined as the identification of tuberculosis disease at or within 3 months of the baseline household visit. **Radiographic imaging results were graded by an experienced clinician using the 1961 National Tuberculosis Association classification system. † † Muzigo households are defined as multifamily household units in the same building. Table E2 ). In this multivariable model, risk of latent TB infection remained associated with older age of contacts, alcohol use, and family size. Both age (RR, 1.00; 95% CI, 1.00-1.01) and alcohol use (RR, 1.12; 95% CI, 1.05-1.22) increased the risk for latent TB infection, whereas larger household size lowered the risk of latent TB infection (RR, 0.98; 95% CI, 0.97-0.99).
Risk of TB Disease among Household Contacts
HIV-seropositive household contacts were more likely to have coprevalent TB compared with those without HIV, particularly if the index case also had HIV (17/154, 11% vs. 19/639, 3%; RR, 3.71; 95% CI, 1.95-7.07) ( Table 4 ). In addition, contacts with HIV were significantly more likely to develop incident TB than those without HIV, regardless of the HIV serostatus of the index case (Table 4 ). When considering all household contacts, we found no association between risk of coprevalent (4.0% vs. 4.3%; P = 0.76) or incident disease (1.8% vs. 1.9%; P = 0.97) and whether the index case had HIV (Table 4 ).
Sensitivity Analysis
When we conducted several sensitivity analyses to assess the robustness of our Definition of abbreviations: BMI = body mass index; CI = confidence interval; BCG = bacillus Calmette-Guérin; TB = tuberculosis. *Column totals vary across different characteristics because of missing values for some participants. In this analysis, we included only household contacts without coprevalent disease, excluding 81 contacts. Latent tuberculosis infection was defined as an induration reaction greater than or equal to 10 mm in diameter. †
The model uses a modified Poisson regression with robust error variance allowing for estimation of relative risks and adjustment for household clustering of contacts. ‡ Nutritional status was assessed for each contact through BMI measurements for adults greater than or equal to 18 years of age and through weight-for-age z scores for child contacts. Individuals were classified as underweight if their z score was less than 22 or a BMI less than 18.5, normal weight if z scores were between 22 and 2 or their BMI was greater than or equal to 18.5 and less than 25, and overweight if z scores were greater than 2 or BMI was greater than or equal to 25.
x Evaluated through BCG scar, verified by medical records when available. jj Includes other relatives, such as grandparents, grandchildren, aunts, uncles, and cousins. Also includes nonrelatives living in the household. ¶ Radiographic imaging and chest cavitation results were graded by an experienced clinician using the 1961 National Tuberculosis Association classification. **Muzigo households are defined as multifamily household units in the same building. Definition of abbreviations: CI = confidence interval; RR = relative risk.
*All proportions are the number of individuals with a positive tuberculin skin test stratified by the HIV serostatus of the index case and the interaction factor in the left-hand column. All variables not included here were tested for interaction and are included in Table E2 . † Column totals may vary across characteristics because of missing values for some participants. ‡
The stratum-specific relative risk refers to the two proportions in that row. The reference category for each relative risk is the right-hand column: household contacts of HIV seronegative tuberculosis cases.
x Adjusted for age, education level, and alcohol status of the household contact; sputum smear and cavitary status of the index case; and the number of individuals in the household. Age of household contacts and family size were added to the adjusted model as continuous variables.
findings we found consistent results (see Tables E4-E6 ). After restricting our study population to only children younger than 15 years of age, sputum smear status (P value for interaction = 0.04) and cavitary lung disease (P value for interaction = 0.002) remained statistically significant modifiers of latent TB infection and the HIV serostatus of the index case. When we varied our definition of latent TB infection our results again remained unchanged.
Discussion
In this high-burden, low-income setting with substantial ongoing TB transmission and a high burden of HIV, we found that the risk of latent TB infection among household contacts was modified by the HIV serostatus of TB index cases but the overall risk of TB disease among contacts was not. If we assume that latent TB infection among household contacts is caused by direct transmission from the index case, then we may infer that HIV infection of the index case does not affect infectiousness when the case presents with a positive sputum smear or cavitary disease, but HIV infection does seem to reduce infectiousness when the case presents with smear-negative disease or no lung cavitation. Furthermore, the risk of disease was the result of a complex interplay between the infectiousness of the index case, susceptibility of the contact, and environmental conditions. Our findings have important implications for TB contact investigation, especially in areas where TB and HIV are endemic. The main purpose of contact investigation is to detect new cases of TB among contacts, as a form of active case finding (10, 27) . Another reason for contact investigation is to identify contacts that have latent TB infection and may be at high risk for progressive primary disease (10, 27) . As part of contact investigations, treatment of disease and latent infection are warranted.
When considering latent TB infection, HIV serostatus of the index case may be relevant in the evaluation of household contacts because of its effect on latent infection in contacts. Previous studies of the infectiousness of HIV-associated TB have shown diverse results (9, (12) (13) (14) (15) . In four studies (14, 15, 28, 29) , the authors concluded that HIV infection of index cases did not affect infectiousness as determined by the prevalence of latent TB infection in contacts, whereas in three studies (9, 12, 30) , contacts of HIV-seropositive TB cases were less likely to have latent TB infection than contacts of HIV-seronegative cases. The results of our study suggest that selection bias may account for some of the heterogeneity among these studies. Four studies that found no difference in infectiousness by HIV serostatus enrolled, by design, only index cases with sputum smear positive disease. Based on our findings, this result is expected because index cases with smear-negative disease were not included. In contrast, the studies that found a difference in infectiousness according to HIV serostatus enrolled a spectrum of cases including those with paucibacillary disease that may be less infectious.
We also found that contact age, alcohol use, and family size were associated with latent TB infection. Because the incubation period of TB can be months or years (31, 32) , exposure events can accrue over time and individuals can be repeatedly infected. Our results, showing increasing prevalence of infection with age, are consistent with other studies from Uganda and elsewhere (33) (34) (35) . Alcohol use increased risk of infection in our sample and has shown to be a risk factor for recent transmission in several studies (36) . Reasons for this association are unclear but alcohol use may signify community-based social network mixing, thereby exposing contacts to highrisk of transmission in the community and household. Small family size likely indicates increased intimacy (and thus greater intensity of exposure) among household members and such a relationship with latent infection has been reported previously (28) .
We found that the HIV serostatus of the index case is not relevant to identifying new TB disease cases among contacts. This may seem paradoxical at first, because HIV status does seem to reduce infectiousness in cases who present with paucibacillary disease. But the reduced infectiousness of paucibacillary, HIV-seropositive index cases in our study was counterbalanced by the fact that one in six of their contacts were also living with HIV, putting them at high risk for progressive primary disease. This correlation between HIV serostatus of TB index cases and their contacts may partially explain why coprevalent and incident TB disease was similar to HIV seronegative TB index cases. Indeed, in our study, HIVseropositive contacts were two to four times more likely to have coprevalent TB disease and 7-10 times as likely to develop incident disease compared with HIV-seronegative contacts.
The interpretation of this study is subject to limitations. First, one cannot infer direct transmission of M. tuberculosis within a household from prevalence of latent infection. With appropriate information about strain types and community prevalence of latent TB infection, however, it is possible to estimate the secondary attack rate for disease and infection (5) . Second, because we did not base our analysis on tuberculin skin test conversions, nondifferential misclassification of latent TB infection in household contacts is possible. To address this limitation, we performed sensitivity analysis among children younger than 15 years old and found similar results, indicating that this bias is likely minimal. Third, there may be unmeasured confounders that may affect our results. Although true of any study, we based our selection of risk factors for infection on our knowledge of working in this population for more than 20 years (5, 19, 20, 33) . During the study we did not assess level of immunosuppression among HIVseropositive contacts or index cases. Because immunosuppression caused by HIV may lead to false-negative reactions to tuberculin skin tests, we may have underestimated the prevalence of latent infection among contacts of HIV-seropositive cases.
Moreover, without CD4 1 T-cell counts among index cases, we were not able to assess potential confounding of immunosuppression on transmission because atypical presentation of disease and lower smear grade are more likely when the CD4 1 T-cell count is low (37, 38) . Two studies of close contacts have reported that index cases with low CD4 1 T-cell counts are less infectious compared with HIVseronegative TB cases (39, 40) , but this finding is not universal because one study demonstrated conflicting results (11) . We postulate that many of the paucibacillary cases found in our study may represent HIV-seropositive patients with a low CD4 1 T-cell count, so our findings may be compatible with these two studies (39, 40) .
Our findings show an intricate and interdependent relationship between TB and HIV in an urban sub-Saharan African setting. Although previous studies have minimized the importance of contact investigation among HIV-seropositive TB cases (9) , our findings support recommendations that household contact investigation and active case finding should occur regardless of the HIV serostatus of the index case (10) . Moreover, household contact investigations should include active case finding for both TB and HIV infection in sub-Saharan Africa. n Definition of abbreviation: CI = confidence interval. *All models use a modified Poisson regression with robust error variance allowing for estimation of relative risks and adjustment for household clustering of contacts. All proportions are individuals with a positive laboratory result stratified by the type of HIV serostatus of the index case and the contact. † Coprevalent tuberculosis disease was defined as the identification of tuberculosis disease at or within 3 months of the baseline household visit. Incident tuberculosis disease was defined as diagnosis of tuberculosis disease at subsequent household follow-up visits, conducted at 6-month intervals for 2 years. Individuals with coprevalent disease were excluded from analyses of incident disease. ‡ The referent category for each relative risk in this column is the household contacts of HIV-seronegative tuberculosis cases.
x Numbers may not add up to column totals of HIV-seropositive and -seronegative groups because some contacts did not take an HIV test and therefore are missing. All household contacts regardless of HIV serostatus or having taken an HIV test are included in this row. 
